Field trials were established to compare alum-treated poultry litter (ATPL), normal poultry litter (NPL), and triple superphosphate (TSP) as fertilizer sources for corn (Zea mays L.) when applied at rates based on current litter management strategies in Virginia. Trials were established in the Costal Plain and Piedmont physiographic regions near Painter and Orange, VA, respectively. Nitrogen-based applications of ATPL or NPL applied at rates estimated to supply 173 kg of plant-available nitrogen (PAN) ha 21 resulted in significantly lower grain yields than treatments receiving commercial fertilizer at the same rate in 2000 and 2001 at Painter. These decreases in grain yield at the N-based application rates were attributed to inadequate N availability, resulting from overestimates of PAN as demonstrated by tissue N concentrations. However, at Orange no treatment effects on grain yield were observed. Applications of ATPL did not affect Al concentrations in corn ear-leaves at either location. Exchangeable soil Al concentrations were most elevated in treatments receiving only NH 4 NO 3 as an N source. At N-based application rates, the ATPL resulted in lower Mehlich 1-extractable P (M1-P) and waterextractable soil phosphorus (H 2 O-P) concentrations compared to the application of NPL. A portion of this reduction could be attributed to lower rates of P applied in the N-based ATPL treatments. Runoff collected from treatments which received ATPL 2 d before conducting rainfall simulations contained 61 to 71% less dissolved reactive phosphorus (DRP) than treatments receiving NPL. These results show that ATPL may be used as a nutrient source for corn production without significant management alterations. Alum-treated poultry litter can also reduce the environmental impact of litter applications, primarily through minimizing the P status of soils receiving long-term applications of litter and reductions in runoff DRP losses shortly after application.
H ISTORICALLY, POULTRY (Gallus gallus domesticus) litter has been utilized as a fertilizer source for agricultural fields. Because N is often the most limiting nutrient for crop production, litter has typically been applied at rates to supply adequate amounts of N for crop production. The N to P ratio found in poultry litter ranges from 0.6 to 1.0 (Evanylo and Mullins, 2000) , yet the ratio of N removed to P removed by crops grown in Virginia ranges from 2.0 in cotton (Gossypium hirsutum L.) to 9.0 in peanut (Arachis hypogaea L.) (Donohue, 2000) . Therefore, long-term applications of poultry litter result in elevated soil test P levels (Kingery et al., 1994; Sharpley et al., 1993) . In fact, many soils found near areas of high poultry production in Virginia, which have historically received litter applications, currently have high to very high M1-P levels (.28 mg P kg 21 soil) (Brosius et al., 2000) .
Increases in soil test P due to poultry litter applications can correspond to an increase in soluble P concentrations in surface water runoff (Sharpley, 1995) . This increase can lead to P loading of surface water bodies. Phosphorus is the limiting nutrient in most aquatic systems; therefore, the addition of nonpointsource P pollution from agricultural lands can be a contributor to eutrophication of sensitive water bodies (Pote et al., 1996) . Thus, major efforts are being made by policymakers to curb nonpoint-source P pollution in surface water bodies. For example, Virginia's Poultry Waste Management Act of 1999 requires poultry producers to have P-based nutrient management plans, which limit poultry litter application rates to crop requirements of P, based on soil test recommendations or crop removal of P, whichever is greater. The Delaware Nutrient Management Act of 1999 mandates that P applications to soils containing high P concentrations be no greater than the estimated 3-yr crop removal (Sims, 1999 ). Maryland's Water Quality Improvement Act of 1998 also requires producers to adopt P-based nutrient management plans (Simpson, 1998) . Because many soils located relatively near poultry production operations already contain high to very high levels of soil test P, litter applications will most often be limited to rates equal to crop P removal. This limitation results in a dramatic increase in the land base needed for the utilization of poultry litter produced as well as increased costs associated with transporting litter away from poultry production facilities. It also increases the needs for supplemental commercial N fertilizer to fulfill the N requirements for crops grown on fields treated with poultry litter.
In addition to decreasing application rates to reduce soil P loading, other management options are being evaluated to reduce water quality impacts of using poultry litter as a nutrient source. One potential management practice for reducing the solubility of P in poultry litter is the use of chemical amendments. Many Ca, Al, and Fe containing compounds such as alum [Al 2 (SO 4 (Shreve et al., 1996) (Moore and Miller, 1994) have been evaluated for their effectiveness in reducing soluble P in poultry litter. Of these amendments, alum has been shown to be an economically viable option for reducing the solubility of P in poultry litter (Moore et al., 1999) and is beginning to be used by producers. In a farm-scale study utilizing 194 poultry houses, half of which received alum additions, Sims and Luka-McCafferty (2002) found alum-treated poultry litter (ATPL) to contain 73% lower water-soluble P in litter compared to normal poultry litter (NPL). In a pen trial, Miles et al. (2003) found that the use of alum resulted in as much as a 60% reduction in water-soluble P found in litter depending on dietary formulation. These reductions in water-soluble P can be attributed to the adsorption of P to amorphous aluminum hydroxides which form in poultry litter after the addition of alum (Peak et al., 2002) .
In addition to reduced P solubility, alum, when applied to the floor of production houses before the addition of each flock of birds, reduces NH 3 volatilization from poultry litter . This decrease in NH 3 volatilization results in an increase in the N content of the litter. Therefore, the value of the litter as an N source and its N to P ratio may be increased.
The use of ATPL in field trials has yielded results that demonstrate its effectiveness in minimizing P availability. Shreve et al. (1995) found that when applied to tall fescue (Festuca arundinacea Schreb.), the reduced concentration of water-soluble P in ATPL resulted in an 87% reduction in the concentration of dissolved reactive phosphorus (DRP) in runoff compared to plots receiving the same amount of NPL. Moore et al. (1999) demonstrated that three annual applications of ATPL to tall fescue resulted in lower H 2 O-P and Mehlich 3-extractable P compared to NPL, when both were applied at rates of 2. 24, 4.49, 6.73, and 8.98 in the control treatment receiving no P fertilizer. In comparison, H 2 O-P in the treatment receiving the corresponding ATPL rate was approximately 15 mg P kg 21 , which was not significantly different from that found in the control treatment receiving no P fertilizer. The addition of ATPL at the 8.98 Mg ha 21 rate significantly increased Mehlich 3-extractable P compared to the control treatment receiving no P fertilizer, but was still nearly one-half the concentration found in the treatment receiving the same rate of NPL.
Additional field research has found that the treatment of poultry litter with alum has additional beneficial effects on surface runoff water quality. Specifically, Moore et al. (1998) found that the treatment of poultry litter with alum significantly reduced runoff concentrations of arsenic, copper, iron, and zinc from fescue pasture compared to NPL applications. These decreased metal concentrations were associated with decreased soluble organic carbon concentrations found in runoff collected from treatments receiving ATPL. Similarly, Nichols et al. (1997) found that applications of ATPL resulted in 42% lower concentrations of 17h-estradiol, an estrogen hormone, compared to NPL when applied on an equal dry weight basis.
Currently, limited field research data are available for the evaluation of ATPL as a nutrient source for crop production. As mentioned, Shreve et al. (1995) applied equivalent amounts of ATPL and NPL to tall fescue and found that applications of ATPL resulted in a 28% increase in total forage yield compared to NPL. Because litter sources were applied on an equal weight basis these increased yields were attributed to the higher N concentrations in ATPL resulting from decreased ammonia volatilization as reported by Moore et al. (1995) . In the study conducted by Moore et al. (1995) , NH 4 -N concentrations found in poultry litter 42 d after the addition of 130 g of alum kg 21 were increased from 3.3 g N kg 21 in the control to as much as 11.2 g N kg 21 in the ATPL. Assuming the NH 4 -N concentrations in litter used by Shreve et al. (1995) were similar to those reported by Moore et al. (1995) , the NPL and ATPL applied at the rates used by Shreve et al. (1995) would have supplied approximately 37 and 125 kg NH 4 -N ha 21 , respectively. This adequately explains the increased forage yields resulting from the use of ATPL.
Currently, no data are available in the literature where ATPL has been evaluated as a nutrient source for field crops such as corn. Specifically, no data are available evaluating ATPL and NPL applied at equivalent plant-available N and/or equal P rates. The possibility of increased exchangeable Al in soils treated with ATPL has received minor attention (Moore et al., 1999) ; however, the effect of ATPL applications on the P status of cultivated soils has not yet been evaluated. Because of decreased vegetative cover in a cultivated system compared to pasture systems, greater concentrations of total P loss may be expected in runoff from cultivated systems due to a higher potential for losses of litter particles and sediment (Sharpley et al., 1992) . Of this P lost to runoff in cultivated systems, a smaller percentage is expected to be in soluble forms compared to P lost from pasture systems (Edwards and Daniel, 1993) . These effects could impact the value of alum treatment as an option in reducing P losses. Therefore, it is important to evaluate alum treatment of poultry litter as a management practice to reduce P runoff from cultivated cropping systems.
The objective of this study was to evaluate production and environmental impacts of using ATPL as a nutrient source for corn production in accordance with current litter management strategies. The response of corn yield and elemental plant tissue concentrations to application of ATPL was evaluated. Also, the environmental impact of using ATPL was assessed through evaluation of changes in soil P status, soil exchangeable Reproduced from Journal of Environmental Quality. Published by ASA, CSSA, and SSSA. All copyrights reserved.
Al content, and soil pH resulting from applications of ATPL. In addition simulated rainfall experiments were conducted to evaluate the effects of using ATPL on P runoff concentrations. 
MATERIALS AND METHODS

Poultry Litter
Poultry litter used in the study was collected from two poultry houses included in the study presented by Sims and Luka-McCafferty (2002) . One of the houses received alum at an approximate rate of 0.09 kg per bird before the introduction of each flock. The second house received no alum additions. Litter was collected at the end of a grow-out and transported to the research stations and stored in barrels until application. The average elemental compositions of the litters are presented in 
Field Studies
Treatments consisted of triple superphosphate (TSP), ATPL, and NPL applied at four different phosphorus rates (Table 2 ). In addition to a no-phosphorus control treatment, phosphorus rates were based on: (i) applying NPL at rates to meet the nitrogen needs of the crop (NBNL); (ii) applying ATPL at rates to meet the nitrogen needs of the crop (NBAL); (iii) annual estimated crop removal of phosphorus (CR); and (iv) estimated three-year crop removal of phosphorus (3CR). The 3CR treatments were applied before planting only in the 2000 crop-year and supplemental N was applied in 2001 and 2002 to these treatments. This resulted in a total of 11 treatments, which were arranged in a randomized complete block design with four replications per treatment. This treatment structure was selected to evaluate ATPL under currently recommended or required nutrient management strategies employed in Virginia. At Painter, the control treatment did not receive any N fertilizer in 2002, which was done to evaluate the N response in the other treatments.
All plots were supplied with sufficient N for estimated corn grain yields of 8. (Evanylo and Alley, 1998) (Table 2 ). The availability of N in the NPL and ATPL was estimated using guidelines developed by the Virginia Department of Conservation and Recreation (1995) . These guidelines assume that 90% of the NH 4 -N and 60% of the organic N is available as plant-available nitrogen (PAN) for crop uptake in the year of application when litter is incorporated immediately after application. Phosphorus sources and supplemental N fertilizer were pre-plant broadcast-applied and incorporated immediately before planting. Because soil test K levels were below optimum, supplemental K fertilizer was applied at Orange to all treatments to supply 112, 67, and 67 kg K 2 O ha 21 in 2000, 2001, and 2002, respectively . No supplemental potassium fertilizer was applied at Painter.
Corn grain yields were determined at maturity by harvesting the full length of the two center rows from each plot using a plot combine at Painter and by hand harvesting at Orange. Corn grain was weighed and subsampled by plot for moisture determination and elemental analysis. Corn grain yields are reported at a moisture content of 0.155 g kg 21 . Composite corn ear-leaf samples were collected at mid-silk from Rows 2 and 5 in each plot. Ear-leaf samples were not collected Table 2 . Three-year average litter application rates and corresponding P, plant-available nitrogen (PAN), NH 4 NO 3 -N, total PAN, and total N application rates resulting from each treatment combination. during the 2000 growing season at Orange. Plant tissue samples were dried at 65jC, ground, and digested using a nitric acid and hydrogen peroxide digestion procedure (Jones and Case, 1990) . The digests were analyzed for P and Al with atomic emissions spectroscopy using a SpectroFlame Modula Tabletop ICP-AES (Spectro Instruments, Fitchburg, MA). Tissue N concentrations were determined on ground samples with combustion and gas chromatography using a NC 2100 analyzer (CE Instruments, Lakewood, NJ).
Composite soil samples were collected to a depth of 15 cm from the study areas before initiation and from each plot at 6 and 12 mo after each treatment application. Soil samples were air-dried and ground to pass a 2-mm sieve. Samples collected before the initiation of the study were analyzed for pH (1:1 soil to water ratio) (Thomas, 1996) , and extracted using the Mehlich-I dilute-double acid procedure (Kuo, 1996) . Mehlich-I extracts from these initial samples were analyzed for Ca, Mg, K, and P. The pH values found in initial soil samples collected at Painter and Orange were 6.0 and 6.2, respectively. The concentrations of Ca, Mg, K, and P were 793, 102, 140, and 71 mg kg
21
, respectively, at Painter and 725, 143, 98, and 9 mg kg 21 , respectively, at Orange. Samples collected from each plot were analyzed for Mehlich-1 soil test P (M1-P) (Kuo, 1996) , waterextractable phosphorus (H 2 O-P) (1:10 soil to water ratio) (Kuo, 1996) , exchangeable Al (1:5 soil to 1M KCl ratio) (Bertsch and Bloom, 1996) , and pH (1:1 soil to water ratio) (Thomas, 1996) .
Rainfall Simulations
Two sets of rainfall simulations were conducted in the corn experiment located at Orange. The first set of rainfall simulations were conducted in May 2003, approximately 1 yr after treatment application and incorporation. The second set of rainfall simulations were conducted in August 2003, 2 d after the application of treatments without incorporation. These treatments were applied only to evaluate runoff P concentrations shortly after application. Simulations were performed in accordance with the protocol established as part of the National Phosphorus Research Project (2001). Duplicate subplots were established within treatments which had received the following treatments: NPL, ATPL, and TSP applied at the N-based and P crop removal rates as well as the no-P control. For each set of simulations, two rainfall events were conducted on each subplot at 1-d intervals. Rainfall was applied at a rate of 70 mm h 21 and continued for 30 min after initiation of runoff. The weight of runoff was determined every 5 min during this 30-min period. Subsamples were taken for chemical analysis at each 5-min interval. Also, the total runoff volume collected 30 min after runoff initiation was mixed and subsampled. A portion of the subsamples were filtered through a 0.45-Am filter and acidified with HCl. Concentrations of DRP [molybdate blue (Murphy and Riley, 1962) ] in filtered samples were determined. Unfiltered samples were analyzed for total P after Kjeldahl digestion with mercuric oxide and potassium sulfate catalyst (Lachat Instruments, 1995) . Total C in runoff was determined on residue from 60 mL of runoff dried at 110jC with combustion and gas chromatography using a NC 2100 analyzer. Sediment was determined by the weight of residue remaining after 20 mL of runoff was dried at 110jC.
Analysis of variance, using the SAS PROC GLM procedure (SAS Institute, 2001), was used to determine significant treatment effects on measured response variables. When treatment effects were found to be significant, Fisher's protected LSD was used to separate means. Regression analyses were conducted using the SAS PROC REG procedure.
RESULTS AND DISCUSSION
Crop Response
Corn grain yields at Painter were significantly affected by treatment in 2000 and 2001 (Table 3) , but were suppressed due to less favorable growing conditions (Table 4 ) and therefore not affected by treatments in 2002. In 2000 and 2001 at Painter, yields from treatments receiving applications of NPL and ATPL applied on an N basis (NBNL and NBAL) were significantly lower than yields from treatments receiving equivalent rates of inorganic fertilizer (Table 3 ). This suggests that the method used to estimate N availability overestimated PAN in the two litter sources at this location.
Concentrations of N in ear-leaves collected at mid-silk from Painter suggest that these yield reductions were due to decreased N availability before flowering. The decreased N status of corn receiving litter at the N-based rate is also apparent when comparing corn grain N concentrations, specifically in 2001 (Table 3) . Jones et al. (1990) stated that concentrations of N in ear-leaves collected at mid-silk are sufficient in the range of 21 and 40 g N kg
21
. Nitrogen concentrations in ear-leaves collected from treatments receiving NPL or ATPL at Nbased application rates were consistently below this range at Painter (Table 3) . Within the N-based treatments, ear-leaf N concentrations were well correlated with grain yield during the first two years of the study at Painter (Fig. 1) . The correlation between ear-leaf N and grain yield was not significant in 2002 due to suppressed yields. In 2000 and 2001, the yields from treatments receiving NH 3 NO 4 as the primary PAN source ( Reproduced from Journal of Environmental Quality. Published by ASA, CSSA, and SSSA. All copyrights reserved.
were as much as 4.2 Mg ha 21 higher than the estimated yield of 8.8 Mg ha
, whereas yields from those treatments receiving all or most of the PAN as poultry litter were equivalent to or below 8.8 Mg ha 21 at Painter due to an overestimation of PAN at the Painter location for both sources of poultry litter. The data demonstrate the importance of using tools such as the pre-side dress nitrate test (Evanylo and Alley, 1998) to evaluate midseason soil N status of corn fertilized with poultry litter. Although not significant, the ear-leaf N concentrations in the treatment receiving ATPL at the N-based rate were consistently lower than those found in the treatment receiving NPL at the N-based rate during each year of the study (Table 3) , further suggesting decreased N availability and an overestimation of PAN in treatments receiving ATPL compared to NPL. These consistent yet nonsignificant results could imply a minor difference in the availability of N found in the two litter sources, which would be inconsistent with previous research. Gilmour et al. (2004) recently conducted laboratory incubations to evaluate the effects of alum treatment on the decomposition and N mineralization rates of poultry litter and found no significant differences in the N mineralization rates of ATPL and NPL. Unlike conditions for this laboratory study, field conditions at Painter were likely not optimum for N mineralization as can be seen from the reduced yields produced by both litter sources applied on an N basis compared to inorganic fertilizer. These suboptimum conditions could have magnified any differences among mineralization rates of the two litters.
In addition to the N-based application rates, applications of NPL and ATPL at the 3CR P rate at the Painter site in 2000 resulted in significantly lower yields than an equivalent application of inorganic fertilizer (Table 3) . Also, for the 3CR P rate in 2000 the yield from the NPL source was significantly greater than yields from ATPL. At the 3CR P rate the ATPL treatment received all but 10 kg PAN ha 21 as ATPL whereas the NPL treatment received an additional 66 kg PAN ha 21 as NH 4 NO 3 (Table 2 ). This supplemental N applied as NH 4 NO 3 contributed to the increased yield response to the NPL applied at the 3CR P rate compared to the equivalent ATPL treatment. These differences at the 3CR P rate did not persist in 2001 and 2002 because these treatments received NH 4 NO 3 as the sole N source and no additional poultry litter. Also, ear-leaves collected during the 2000 crop year from treatments receiving NPL or ATPL at the 3CR P rate had 19 and 20% lower N concentrations, respectively, than ear-leaves collected from treatments receiving equivalent rates of inorganic fertilizer (Table 3 ). This response in ear-leaf N concentration was similar to that found in grain yield. Again both the ear-leaf N and grain yield data from the 3CR P rate in 2000 suggests that PAN was overestimated at the Painter location as was found in the N-based rates.
No significant differences in grain yield or tissue N were found at Painter among sources applied at the CR rate. The average yields for the CR P rate at Painter were 12.4, 10.9, and 2.4 Mg ha 21 in 2000, 2001, and 2002, respectively. The NPL and ATPL sources applied at the CR rate supplied 21 and 31% of the PAN applied to these plots, with the remaining PAN applied as NH 4 NO 3 . This combination of litter and supplemental inorganic N was adequate to produce yields similar to those treatments receiving only inorganic fertilizer.
The concentrations of ear-leaf P follow a similar trend as that found in ear-leaf N concentrations at Painter (Table 3) . At the N-based P application rates, ear-leaf P concentrations were consistently lower in treatments receiving either ATPL or NPL compared to treatments receiving TSP. Also, in ear-leaves collected in 2000 the P concentrations were reduced in treatments receiving either ATPL or NPL at the 3CR P rate compared to those found in ear-leaves collected from the treatment receiving the equivalent rate of P as TSP. The lack of significant differences between the control treatment which received no P and the TSP treatments shows that Month  2000  2001  2002  Average  2000  2001  2002  Average   mm  April  100  60  123  78  131  18  91  78  May  112  101  57  86  55  119  49  97  June  91  134  55  86  151  213  72  94  July  211  236  145  114  87  104  132  115  August  169  52  69  105  69  76  69  101  September  122  58  53  90  130  21  63  94  Total  805  641  502  560  623  551  476  578 Fig. 1. The relationship between ear-leaf N content and grain yield for the N-based treatments at Painter, VA. *** Significant at the 0.001 probability level; NS, regression not significant.
the site was unresponsive to additional P. Therefore the suppressed ear-leaf P concentrations found in the litter treatments are more likely due to interactions between N availability and P uptake. Because no response in tissue N concentration to the N availability among sources was observed at the CR P rate, this P rate can be used to investigate differences in P availability among the P sources. At Painter no significant differences in the ear-leaf P concentrations were found among treatments receiving the three P sources at the CR P rate (data not shown), nor were these ear-leaf P concentrations different from those found in the check treatment. This demonstrates a lack of crop response to CR rates of P additions at Painter.
Our results from Orange are similar to those found by Gilmour et al. (2004) in that there were no apparent yield responses due to difference in N availability among sources. No significant ( p , 0.05) treatment by year interactions were observed in grain yield and on combining yield data over years no significant treatment effects were observed (Table 5 ). Before the initiation of this study at Orange, the M1-P level was 7 mg P kg
. At this level of M1-P the Virginia Tech Soil Testing Laboratory recommends a fertilizer application of 39 kg P ha 21 (Donohue, and Heckendorn, 1994 ), yet no grain yield response to P fertilizer applications of as high as 116 kg P ha 21 (P application resulting from the NBNL rate) were observed at Orange.
At Orange there were no significant year by treatment interactions ( p , 0.05) for ear-leaf P or N content, or for grain N or P content; therefore, ear-leaf and grain N and P concentration data were combined over years (Table 5) . No significant differences, due to treatment, in ear-leaf N or P concentrations were found at Orange. The ear-leaf N and P concentrations found at Orange were well within the sufficiency range presented by Jones et al. (1990) and demonstrate a lack of mid-season response to pre-plant P and N fertilizer application. There were also no significant differences in grain N concentrations among treatments. However, when the concentration of grain P is averaged for each treatment across years there were significant treatment effects. Specifically, the rate of application significantly affected the concentration of P in the grain with no significant differences among sources at any rate. Averaged over the 3-yr study at Orange the N-based treatment applications resulted in a grain P concentration of 2.8 g P kg
, which was significantly greater [LSD (0.05) 5 0.3] than concentrations resulting from the check, and the CR P application rate, and 3CR P application rate which resulted in average concentrations of 2.5, 2.5, and 2.6 g P kg
, respectively (Table 5 ). The lack of differences in corn grain P concentrations among the three sources confirms previous research evaluating crop P uptake from ATPL-treated soils which found only minor differences in tissue P concentrations between treatments fertilized with ATPL and NPL. Shreve et al. (1995) evaluated nutritional composition of fescue receiving non-amended litter and litter treated with alum (1:5 amendment to litter ratio) at a rate of 11.2 Mg ha 21 . They found that P concentrations in harvested fescue forage receiving ATPL were lower at 6.5 g P kg
, but not significantly lower than fescue receiving NPL, which contained 7.3 g P kg 21 . This decline in tissue P was attributed to a dilution of P due to increased plant growth from the ATPL treatment.
Aluminum Availability
The addition of ATPL did not result in significant treatment by year interactions nor were there significant treatment effects on corn grain or ear-leaf Al concentrations ( p , 0.05). The average corn grain Al concentrations being similar at both locations were 25.8 and 28.3 mg Al kg 21 at Painter and Orange, respectively. In contrast, the average ear-leaf Al concentration at Painter was nearly three times greater at 88 mg Al kg 21 than that found at Orange, which averaged 33 mg Al kg 21 . Despite this difference, ear-leaf Al concentrations at both locations were well within the expected normal ranges of 10 to 200 mg Al kg 21 suggested by Jones et al. (1990) . The lack of significant differences in tissue Al concentrations among sources is inconsistent with the findings of Shreve et al. (1995) who reported significantly higher Al concentrations in tall fescue treated with ATPL (91 g Al kg
21
) compared to that found in tall fescue forage treated with NPL (48 g Al kg 21 ). Although no differences in tissue Al concentrations were found, there were significant treatment differences in soil pH and exchangeable soil Al concentration. At Painter the N-based applications of ATPL and NPL resulted in significantly elevated pH levels and subsequently lower exchangeable Al concentrations compared to treatments receiving equivalent applications of commercial fertilizer (Table 6 ). These results are consistent with findings of Kingery et al. (1994) who found that long-term applications of poultry litter to pastures resulted in increased soil pH. Moore et al. (1999) discussed findings from field studies conducted in Arkansas, in which they found that the pH values of soils Reproduced from Journal of Environmental Quality. Published by ASA, CSSA, and SSSA. All copyrights reserved.
receiving either NPL or ATPL were elevated compared to those receiving ammonium nitrate (NH 4 NO 3 ). At Orange the N-based applications of NPL again resulted in significantly higher soil pH and decreased exchangeable Al compared to the treatment receiving equivalent rates of commercial fertilizer. Application of ATPL at the N-based rate did not elevate pH at Orange compared to equivalent applications of commercial fertilizer. This lack of increased soil pH could be a result of lower rates of litter application associated with the ATPL compared to NPL (Table 2) . Also, the acidity of the alum added to the litter would have been neutralized by carbonates and other bases present in the litter. Because of this acid neutralization the carbonate equivalent of the ATPL is likely lower than that of NPL. These two factors, along with the increased buffer capacity of the Davidson soil compared to the Bojac soil, did not allow the ATPL to increase soil pH as was found at Painter. At Orange, the pH and Al concentrations in treatments receiving ATPL at the 3CR rate more closely resembled those treatments receiving TSP at the equivalent rate.
Given the variations in soil pH and exchangeable Al associated with treatment, it is important to evaluate the effect of applying ATPL on the relationship between pH and the Al concentration in these soils. The relationships between pH and exchangeable Al concentration across P sources at Painter and Orange are illustrated in Fig. 2 . Alum-treated poultry litter had no effect on the slope or intercept of the line representing this relationship at either location. These findings show that although ATPL may not be as effective in maintaining soil pH compared to NPL, it did not affect exchangeable Al concentrations at a given soil pH.
Soil Phosphorus Status
Significant changes in M1-P were observed at both locations in soil samples collected in the fall of 2002 (Table 7) . At Painter, M1-P in treatments receiving annual applications of ATPL at the NBAL rate was 37% lower than those receiving NPL at the NBNL rate while at Orange, this reduction was 32%. Some of these differences in M1-P concentrations may be a result of differences in the net P application rates resulting from N-based applications of the two litter sources (Table 7) . However, this data can be used to show that each kg of net P applied per ha in ATPL results in a lower increase in the M1-P concentration compared to the two other sources. For example, when the difference in M1-P concentrations found in the control and the treatment receiving ATPL at the NBAL rate is divided by the difference in the net P applied to these two treatments it is found that the M1-P concentration increases by 0.09 mg P kg 21 for each kg of net P applied ha 21 at the Painter location. However, when this ratio is calculated for the NPL or TSP applied at the N-based rates at Painter the M1-P concentration increases by approximately 0.2 mg P kg 21 for each kg of net P applied ha 21 . These results suggest that using ATPL can result in lower M1-P levels even when net P additions are equal to or greater than additions of TSP or NPL. The total P applied to the CR and 3CR P treatments was nearly equal to the total P removed from these treatments at Painter (Table 7) . At Orange the net P addition for these treatments ranged from 9 to 19 kg P ha 21 . As a result, minimal changes in M1-P concentrations were observed. In fact, the application of TSP at the CR P rate at Painter was the only CR treatment at either location to result in M1-P concentrations significantly greater than the control (Table 7) .
Soil concentrations of H 2 O-P in the fall of 2002 followed trends similar to changes in M1-P (Table 7) . Neither the CR nor the 3CR P rates, irrespective of source, resulted in significant increases in H 2 O-P concentrations compared to the no P control treatment. Applications of ATPL at the NBAL rate resulted in 54 and 56% lower H 2 O-P concentrations than the application of NPL at the NBNL rates at Painter and Orange, respectively. Moore et al. (1999) showed only a minor, nonsignificant difference in the H 2 O-P content of soils receiving 169 kg P ha 21 as ATPL when compared to the check, yet found a fourfold increase in H 2 O-P in soil receiving 201 kg P ha 21 as NPL when applied for 3 yr to tall fescue. Their findings are similar to ours but lack TSP treatments for comparisons. In contrast to the trends found in M1-P, there was no difference in H 2 O-P concentrations between treatments receiving TSP or ATPL at the NBAL rate (Table 7) . These data suggest that although the ATPL additions result in less labile solid-phase P as compared to TSP, the addition of Al to the soil in the ATPL is not sufficient to decrease the solution-phase P solubility in these soils to a level significantly below that found in treatments receiving equivalent rates of TSP. This lack of significant difference in the H 2 O-P concentrations between treatments receiving ATPL and TSP, specifically at the NBAL rate, may be explained by the lower pH and subsequently higher exchangeable Al concentrations in the TSP treatment (Table 6 ). This effect of pH on the H 2 O-P concentrations was most prominent at the Painter location where no significant difference was found between ATPL and TSP applied on an N basis although both treatments resulted in H 2 O-P concentrations that were higher than the no-P control. The same pH effect could also explain the decreased solubility of P in treatments receiving TSP at the NBNL rate compared to treatments receiving NPL at the NBNL rate.
Phosphorus Loss in Simulated Runoff
Due to the lack of significant differences and variability in the volume of runoff loss from the small plots used in this study runoff data are presented as concentrations. Although DRP concentrations were low in the first and second rainfall events, which were conducted in May 2003 before a fourth P application, significant differences were found among treatments (Table 8 ). Treatments that had received 3 yr of the N-based applications of all three P sources resulted in significantly higher runoff DRP during the first events as compared to the control treatment. During the second event only, the N-based treatments receiving NPL and TSP resulted in DRP concentrations significantly greater than the control. Alum-treated poultry litter applied at the NBAL rate resulted in the lowest DRP concentrations in runoff, during the first and second events, when compared to the other two sources of P applied on an N basis (Table 8 ). This is a result of the lower M1-P concentrations found in treatments receiving ATPL applied on an N basis as compared to those receiving TSP or NPL (Table 7) . The DRP concentrations found in runoff from both events were well related with M1-P, with no significant differences in the slope or intercept of the relationships found during the two rainfall events (Fig. 3 ). There were no significant differences in runoff total P concentrations among treatments during the first and second events (Table 8) .
Dissolved reactive P and total P concentrations in runoff from treatments that received P applications 2 d before the set rainfall events are shown as the third and fourth runoff events in Table 8 . The concentrations of DRP and total P in runoff from each of these rainfall events were significantly affected by treatment (Table 8) . The ATPL applied at the NBAL rate resulted in 61% less DRP in runoff during the first event following application compared to the NPL applied at the NBNL rate. Lower DRP can be attributed to the decreased P solubility in ATPL. Although soluble P was not measured on litter used in this study, previous work has shown that the amendment of poultry litter with alum reduces water-soluble P in litter on average by 73% when treated to produce litter with Al to P ratios of 0.57 (Sims and Luka-McCafferty, 2002) . The litters used in our study were collected from poultry production facilities included in the study presented by Sims and Luka-McCafferty (2002) and the ATPL has a Al to P ratio of 0.51, therefore it likely has very similar soluble P concentrations. Evidence of the effect of decreased P solubility in the ATPL is found when DRP concentrations in runoff from plots receiving ATPL and TSP applied at the NBAL rate are compared. At this rate, DRP concentrations were 48% lower in runoff during the third event from the ATPL treatments compared to TSP treatments. The effect of the lower P solubility in ATPL is also evident when comparing DRP Reproduced from Journal of Environmental Quality. Published by ASA, CSSA, and SSSA. All copyrights reserved.
concentrations found in runoff from treatments receiving CR rates of the three sources. At this rate, DRP from treatments receiving ATPL was 71 and 45% lower as compared to runoff from NPL and TSP treatments, respectively (Table 8 ).
The runoff total P concentrations were generally higher for treatments receiving either NPL or ATPL compared to treatments receiving TSP during the third event (Table 8 ). This is especially evident at both N-based rates. In the N-based treatments, the DRP concentrations from treatments receiving TSP were nearly equal to the total P concentrations. In runoff from treatments receiving NPL at the NBNL rate, DRP accounted for 75% of the total P, whereas DRP from treatments receiving ATPL at the NBAL rate accounted for only 32% of the total P in runoff. Therefore, although litter applications resulted in greater total P losses, less of this P was in a soluble form as compared to TSP. The lack of a significant difference in total P concentrations between NPL and ATPL is contradictory to previous research where applications of ATPL to fescue pastures resulted in 65% lower total P in runoff 21 ; CR, phosphorus sources applied to supply 24 kg P ha 21 ; 3CR, phosphorus sources applied to supply 73 kg P ha 21 applied once before planting in 2000. ‡ Dissolved reactive phosphorus. § Not analyzed; total carbon was not determined for runoff collected in the first and second runoff events. Fig. 3 . Relationship between the dissolved reactive phosphorus (DRP) found in runoff collected from two rainfall events conducted before treatment applications and Mehlich 1-extractable soil phosphorus (M1-P). *** Significant at the 0.001 probability level.
than from fescue receiving non-amended litter applied on an equal weight basis (Moore et al., 2000) . The row crop system evaluated in our study likely allowed for greater potential erosion and litter particle losses compared to the previous study conducted on fescue pasture. Therefore total C in runoff was determined for use as an indicator of litter particle concentrations in runoff. Assuming the amount of total C in runoff gives an indication of the amount of litter particles lost in runoff, a substantially greater concentration of litter particles was present in the third runoff event from the treatment receiving ATPL at the NBAL rate compared to the treatment receiving NPL at the NBNL rate (Table 8 ). This is dissimilar to results from Moore et al. (1998) which showed decreased soluble organic C in runoff from fescue treated with ATPL as compared to treatments receiving NPL. The decrease in the concentrations of soluble organic C found by Moore et al. (1998) may be attributed to changes in the chemical character of litter treated with alum. However, the differences in the concentration of total C found among treatments in our study are likely due to physical differences between the two litter sources or differences in the hydrology of the plots. Evidence of a hydrological effect is found when inconsistencies between the N-based treatments and the CR treatments are compared. Application of ATPL at the CR rate resulted in a 38% lower total C concentration as compared to NPL, whereas at the N-based rate the ATPL resulted in a 32% greater total C concentration. Despite these inconsistencies the evaluation of total C concentrations in runoff helped to assess the resulting trends among total P concentrations. Specifically the lack of an expected significant difference in total P runoff concentrations among treatments receiving ATPL and NPL on an N basis is due to elevated litter particle concentrations in runoff from the ATPL (NBAL) treatment even though the amount of total P applied was 34% less than that applied to the NPL (NBNL) treatment. These results are similar to those found by Penn et al. (2004) who also found that total P losses are more a function of the amount of manure particles lost in runoff than of P application rates. The data highlight an important limitation in using small subplots to evaluate P loss in runoff. Specifically, that differences in hydrology of small runoff plots can have significant impacts on the results.
CONCLUSIONS
As a nutrient source for corn grain production, ATPL performed similarly to NPL. Data collected at Painter confirmed the importance of mid-season evaluations of the N status of corn when using poultry litter as the primary N source. The use of ATPL did not appear to affect the concentration of P in corn ear-leaves or grain, even at Orange where soil test P levels (M1-P) were below the optimum range at the initiation of the study. Aluminum concentrations in corn ear-leaves and grain were not increased in treatments receiving ATPL nor were the exchangeable Al concentrations in soils receiving ATPL increased. In fact, exchangeable Al concentrations were elevated only in treatments receiving NH 4 NO 3 as the primary N source. At the N-based application rates, both M1-P and H 2 O-P were lower in treatments receiving ATPL compared to NPL. Much of this reduction could be attributed to lower rates of total and net P applications in the ATPL treatments (Table 8) . Through comparison to inorganic fertilizer treatments, additional reductions in M1-P concentrations could be attributed to the alum present in the litter. These reductions in M1-P concentrations resulted in decreased DRP losses in simulated runoff from soils one year after the third-annual treatment applications. The most beneficial effect of litter treatment with alum was the reduction in DRP loss in runoff when rainfall occurred shortly after application. However, applications of ATPL did not result in consistently lower total P concentrations in runoff because of the apparent loss of litter particles when using small runoff plots in this cultivated row-cropping system. Inconsistencies in the amount of litter particles lost from the runoff plots were a result of shortcomings of the small simulated runoff plot method employed to determine runoff losses. The results point out that when using small runoff plots small-scale variations in hydrology can significantly impact simulation results. Therefore, although small-scale simulations are useful in comparing specific treatments, care should be taken when extrapolating the data to edge of field losses especially when evaluating systems shortly after litter application.
The experimental design employed in this study was useful in comparing environmental and production responses resulting from ATPL, NPL, or TSP applied at ''agronomic rates'' as specified by local regulations mandated by Virginia House Bill 1207. These comparisons at agronomic rates are important because much of the litter is now applied at these rates as mandated by government agencies. Previous research has focused on comparing ATPL to NPL when applied on an equal dry weight basis or at equal total P rates. The inclusion of rates determined by the estimated PAN content of litter allowed us to evaluate ATPL as a nutrient source and to evaluate the effectiveness of current regulations in meeting crop production and environmental goals. Our study demonstrated inaccuracies in our current method of estimating PAN from both ATPL and NPL, which prompts interest in the reevaluation of these estimates, and highlighted the importance of in-season evaluations of the N status of the crop when using litter as the primary N source. However, the design of our experiment did not allow for direct comparisons of N availability between NPL and ATPL due to slightly different total N application rates for the two litters. Further research should focus on evaluating any differences in N mineralization rates between NPL and ATPL. Also, the addition of alum not only affects the availability of P in litter but may also reduce the liming value of the litter, and consequently lower soil pH and P solubility in soil. Therefore, interactions among these factors should be considered in the design of future research studies.
In conclusion, the results of this study show that the use of ATPL can reduce runoff P and soil test P when using poultry litter as a nutrient source for corn production without significant changes in production management strategies. Reproduced from Journal of Environmental Quality. Published by ASA, CSSA, and SSSA. All copyrights reserved.
